We present a polymer lab-on-a-chip (LOC) microsystem with integrated optics, fabricated by thermal nanoimprint lithography (NIL) in a cyclic olefin copolymer, Topas from Ticona. The LOC contains microfluidic channels and mixers, an absorbance cell, optical waveguides, a microfluidic dye laser, and Fresnel lenses to couple light in and out of the waveguides. The polymer structure is embedded between two glass substrates. By this device we exploit the excellent chemical, mechanical and optical properties of Topas, and demonstrate the fabrication of millimeter to micrometer sized structures in one lithographic step. In addition, the NIL approach allows for addition of nanometer-scale features, limited only by the stamp fabrication. The silicon stamp for the imprint process is fabricated by standard UV-lithography and silicon deep reactive ion etching (DRIE). The sidewall roughness of the DRIE process is reduced to below 15 nm by thermal oxidation and subsequent oxide etching. Prior to imprint the stamp is coated with an anti-sticking coating from a perfluorodecyltrichlorosilane precursor by molecular vapor deposition. Topas, in our case grade 8007, dissolved in toluene is spin coated onto a SiO 2 substrate. The imprint temperature is 200
INTRODUCTION
The introduction of optical elements on Lab-on-a-chip (LOC) devices is an attractive approach, as optical detection techniques play a significant role in chemical and biological analysis.
1 LOC microdevices are preferable fabricated in polymers, as the fabrication cost for polymer devices is significantly lower than for silicon based devices. Previously poly-methylmethathacrylate (PMMA) and the negative epoxy based photoresist SU-8 have been used for the fabrication of Lab-on-a-Chip (LOC) devices with integrated optics. 2, 3 It should be noted that SU-8 was not developed for optical applications and therefore has a strongly increasing optical loss at wavelengths below 600 nm. Furthermore PMMA is not resistant towards many reagents commonly used in chemical analysis. Therefore it is attractive to replace these materials with other materials that matches or have better properties than SU-8 and PMMA. We presents the results obtained with the cyclic-olefin copolymer, Topas from Ticona (www.ticona.com).
Previously Topas has been demonstrated as a suitable material for nanoimprint lithography (NIL). 4 Topas is attractive as it is highly resistant to polar solvents, acids and bases, has a low propagation loss at wavelengths above 300 nm, a refractive index of 1.53 and it is bio-compatible. Furthermore Topas has a low water uptake (< 0.01%) compared to other polymers, e.g. PMMA (0.3%).
Since Topas is a copolymer it is possible to tailor the glass transition temperature T g , by changing the content of the Norbornene component between 60 wt.% and 85 wt.%, respectively. This makes it possible to fabricate device structures in a high T g Topas grade and seal the imprinted structures with a low T g Topas grade, thus creating an all polymer LOC device. The fabricated device is shown in Fig. 1 . 
DESIGN
The laser structure consists of an array of parallel microfluidic structures, forming a laterally emitting distributed feed-back resonator. The design is adapted from. 5 The imprinted laser cavity has been characterized elsewhere.
6
The structure supports a number of longitudinal modes in the spectral gain range of the laser dye, Rhodamine 6G. The laser resonator is shown in Fig. 2 , which also shows the Fresnel lens used to focus the light into the waveguides, A Fresnel lens is placed on each side of the laser cavity. The Fresnel lenses are 1030 µm long, and the width of the lenses vary from 10 up to 75 µm. Fluorescence blockers are placed along the in and outlet of the laser cavity, in order to block any fluorescence that may be generated in the inlets while the device is pumped with the external pump laser. The Fresnel lenses were chosen to be implemented instead of conventional lenses as they take up less space on the device and they have a lower loss of light, this is illustrated in Fig. 3 The fluidic network can be divided into two parts. The first part is the mixer, which leads to the absorption detection cell. It is made of three channels, which meet and form a mixer. The channels are 90 µm wide and 10 µm high. The lengths of the channels are 7.5 mm. The second part is leading away from the absorbance cell. The channel leading away from the absorbance cell is initially 90 µm wide, but over a 200 µm distance it widens to 180 µm, from here it is 5.7 mm long. The inlet and outlets are 2.5 mm in diameter. The absorbance cell is 260 µm long, 90 µm wide and 10 µm high, see figure 4 . The waveguide leading light into the absorbance cell is tapered, thus ensuring a more collimated light beam.
7 At the end of the absorbance cell, a conventional lens is placed, the lens is 170 µm long and has a focal length of 1500 µm and focuses the light into the waveguide.
FABRICATION
The silicon stamp for the imprint process is fabricated by standard UV-lithography and silicon deep reactive ion etching (DRIE). The sidewall roughness of the DRIE process is reduced to below 15 nm by thermal oxidation and subsequent oxide etching. Topas, in our case grade 8007 (Tg=75
• C), dissolved in a 23 wt% solution in toluene, is spin coated onto a SiO 2 substrate. Prior to spin coating the SiO 2 substrates are dehydrated on a hotplate at 150
• C for 10 min. The imprint is performed with an EVG 520HE parallel plate nanoimprinter. The imprint temperature is 200
• C, which is well above the glass transition temperature. The imprint force is 15000 N on a 4 inch wafer, imprint time is 5 min. To ensure a homogenous imprint two 0.5 mm thick graphite sheets are used on the chucks of the nanoimprinter. The residual layer is removed with oxygen plasma in a Reactive Ion Etching (RIE) tool. The RIE process is applied for 30 s, and the substrate is cooled before the process is repeated. The cycle is repeated until the residual layer is removed. The cyclic process ensure that the imprinted structures remain intact. A continuous etch would heat the substrate and reflow of the Topas would occur, thus rendering the imprinted structures useless.
The imprinted structure is sealed with a Pyrex glass lid, with a second layer of Topas in our case grade 9506 (Tg=65
• C) as intermediate layer. The bonding layer is 200 nm thick. Prior to spin coating the pyrex glass wafer is cleaned with X100 detergent under ultra-sonic aggregation for 10 min and a 7-UP etch (sulphuric acid and ammoniumperdisulfate at 80
• C). Immediately before spin coating the glass wafer is baked at 150 • C for 10 min, thus dehydrating the surface. The spin coating is followed by a 10 min bake at 150
• C. The bonding is performed in the imprint machine and the bonding temperature is 70
• C, at a bonding force of 5000 N on a 4 inch wafer. Bonding time is 5 min. Details on NIL in Topas are given in. 
EXPERIMENTAL SETUP

Rhodamine 6G is dissolved in Ethylene Glycol in a 2×10
−2 mol/L concentration. The solution is pumped through the laser cavity with a flow rate of 50 µL/hr in order to avoid bleaching of the laser dye. The laser dye is pumped with an external syringe pump (Harvard 11Plus). The laser cavity is optically pumped through the Pyrex glass lid with a pulsed (10 Hz, 5 ns duration) frequency doubled Nd:YAG laser (Continuum Surelite I-10) emitting at 532 nm. The laser cavity emits laser light in the chip plane, where it is focussed into the waveguides by the Fresnel lenses. The light is collected at the edge of the device by an optical fibre and analyzed using a Figure 5 . The output from the two waveguides when the microfluidic dye laser is pumped with a frequency doubled Nd:YAG laser at 532 nm, at a pump power of 281 µJ/mm 2 . The laser is seen to be multimode and emitting laser light between 576 nm and 590 nm. The two output spectra are comparable, thus the emitted signal is not altered on its way through the device.
fixed grating spectrometer (AVS-USB2000 from Avantes). In order to avoid fluorescence from the in and outlets of the laser cavity, the Pyrex glass lid is colored black around the laser cavity, thus shielding the laser dye in the inlets from the pump laser light. The samples to be analyzed are pumped through the device manually by a syringe.
RESULTS
The emitted laser light is collected at the two output waveguides and compared, see Fig. 5 in order to ensure that the light is guided round the device and that the spectral signature of the signals are alike. The laser is observed to be highly multimode and emitting laser light between 576 nm and 590 nm. The intensity at the signal output is lower than the signal at the laser output, due to losses in the absorbance detection cell and a longer path length. The importance of controlling the residual layer is investigated by comparing how the light is emitted from a device with a high residual layer and a device where the residual layer has been removed. Two devices, one with a high residual layer and one without, are prepared by filling the laser cavities with Rhodamine 6G dissolved in Ethylene Glycol and the entire surface of the device, except the laser cavity, is colored black. The devices are placed on a white piece of paper, thus it will be possible to observe where and in what direction the light exits the device. In Fig. 6 A an optical image of the device is shown, while the device is being pumped with the external pump laser. The most striking thing is the poor light guidance at the corner where the microfluidic dye laser is located, which indicates that much light escapes the designated light paths due to the residual layer.
The experiment is repeated for a device where the residual layer has been removed. The result is shown in Fig. 6 B, and a much better guidance of light is observed especially at the waveguide in the corner where the microfluidic dye laser is placed, as the intensity of the light is confined in front of the waveguide. Furthermore a sharp "edge" is observed at the waveguide coming from the absorbance cell, which indicates that the light is guided in the waveguide. The reason that a bright intensity spot is not observed in front of that waveguide is the "flares" that are emitted from the in and outlets of the microfluidic dye laser. The flares comes from fluorescence in the inlets and laser cavity. The reason for the increase in fluorescence for the device where the residual layer has been removed is that the laser cavity may have been slightly damaged during the removal of the residual layer.
The functionality of the absorbance detection cell is demonstrated by using different solutions of Xylenol orange dissolved in an ammonium buffer in the absorbance cell. The transmitted light is measured for different pump laser powers and the Xylenol Orange solution is replaced and the experiment is repeated. According to previous experiments 3 a 0.06 mM solution of Xylenol Orange should absorb approximately 25 % of the light in an absorbance cell like the one presented in this paper. This fits well with the obtained results. The results are visualized in Fig. 7 
CONCLUSION
In conclusion, we have successfully demonstrated the fabrication and integration of optical elements with a light source on a Lab-on-a-Chip (LOC) device. The LOC device is fabricated with nanoimprint lithography (NIL) and wafer bonded in Topas. the device have been imprinted in Topas grade 8007 (T g =75
• C) and sealed with an intermediate layer of Topas grade 9506 (T g =65
• C). This allows for a bonding temperature of 70, which ensures no reflow takes place in the imprinted structures.
Light control have been demonstrated by controlling the residual layer, which is removed by an oxygen plasma in a Reactive Ion Etch.
The functionality of the absorbance cell has been demonstrated by filling the absorbance cell with different solutions of Xylenol Orange during operation of the device.
